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■ Abstract 

' The possibility of a strongly first-order electroweak phase transition by means of a 

. dimension-six Higgs operator in the Higgs potential of the standard model is studied at 

^ ' finite temperature at the one-loop level. Exact calculation of the one-loop effective Higgs 

■"sj" , potential at finite temperature suggests that for the Higgs boson with its mass between 115 

(N ■ and 132 GeV the strongly first-order electroweak phase transition is possible if a dimension- 

, six operator is present. 
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I. Introduction 



The baryogenesis via electroweak phase transition is an interesting scenario to explain the baryon 
asymmetry of the universe because it can be tested in the future high energy experiments [1- 
3]. Sakharov pointed out several decades ago three ingredients for generating dynamically the 
baryon asymmetry of the universe from a baryon-symmetric universe [4]. Among them is the 
requirement that the universe should depart from the thermal equilibrium. The departure from 
thermal equilibrium is required to guarantee the first order phase transition at the electroweak 
scale. The strength of the first order phase transition must be strong enough for preserving the 
generated baryon asymmetry at the electroweak scale. 

Previous calculations indicate that there could be a strongly first-order electroweak phase 
transition in the standard model (SM) if the Higgs boson has a mass of less than 35 GeV, 
which is well below the experimental lower bound [5-7]. Lattice simulations have shown that 
the electroweak phase transition actually vanishes completely if niH > 75 GeV [8]. Thus, the 
SM in its conventional form eliminates the possibility of a strongly first-order electroweak phase 
transition. It seems that the SM should be enlarged in order to revive the possibility. A number 
of suggestions have been published in the literature within the framework of the SM for the 
strongly first-order electroweak phase transition [9-17]. 

One line of thoughts is based on high dimensional operators. In the SM, the phenomenologi- 
cal implications of the high-dimensional operators are considered in various papers [18-21]. It is 
already investigated that a strongly first order phase transition in the context of the electroweak 
phase transition is allowed for a relatively large Higgs boson mass (~ 100 GeV) by considering a 
dimension-six Higgs operator relevant to the tree-level Higgs potential of the SM [22]. Recently, 
the electroweak phase transition in the SM is investigated by considering a low cutoff on the 
dimension-six Higgs operator [23]. 

In this paper, we would like to examine the possibility of a strongly first-order electroweak 
phase transition in the presence of a dimension-six operator in the Higgs potential, at the one- 
loop level. We include the loops of gauge bosons, top quark, Higgs and Goldstone bosons into 
the one-loop contributions. We calculate the finite-temperature effective potential at the one- 
loop level by exact integration. We search the parameter space where the Higgs boson has a 
reasonable mass and the where the electroweak phase transition is both first order and strong 
enough. The result of our calculations suggests that a strongly first-order electroweak phase 
transition is possible in the SM with a dimension-six operator if the Higgs boson has a mass 
between 115 GeV and 132 GeV. 

II. The Electroweak Phase Transition 

The Higgs potential in the SM consists of one Higgs doublet 



where the real component of the neutral Higgs field may be expressed as (p = v + H, where v 
is the vacuum expectation value (VEV) for the electroweak symmetry breaking and H is the 
physical Higgs boson. The conventional form of the tree-level Higgs potential in the SM up to 
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(f)^, at zero temperature, is 
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To this Higgs potential, we introduce a non-renormalizable dimension-six term, which may be 
defined as 

Oe = ^2i^'-vy, (3) 

where a is a parameter for weakly coupled new physics and A is a cutoff. 

The one-loop contribution at zero temperature is given by the effective potential method as 
[24,9,10] 
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where i = W, Z, t, (f), and G, respectively for W boson, Z boson, top quark, the Higgs boson, 

and the Goldstone boson. The degrees of freedom for each particle arc n]^ = 6, nz = 3, 
nt = —12, n^f, = 1, and uq = 3, and the ficld-dcpcndcnt masses for each particle arc given by 
ml.{(P) = gl4>V^, rnl{cf)) = {gl+glWl^ rnU<p) = hl<i?/2, ml{4>) = 3X<P^ - (9^^2/2 A' and 
mQ{^) = XcfP' — {3v^ /2A'^)4>^ . Thus, the effective potential at the one-loop level for our purpose 
is 

V{ct>,0) = Vo{ct>,0) + Oe + Vi{^,0) (5) 
at zero temperature. 

The mass of the physical Higgs boson, mn, is obtained by substituting (f) = v in the second 
derivative of V{(p,0). Note that both and should be positive in order to be employed 
in Vi{(j),0). The condition that they should be positive yields a cutoff for A > \f?>v^ jniH. A 
typical value of the cutoff for A is 912 GeV, which is obtained from v = vq and the experimental 
lower bound on the Higgs boson mass, mu > 115 GeV, for a = 1. Hereafter, we will set a = 1 
for simplicity, unless explicitly specified otherwise. One might consider the case of a 7^ 1 or the 
case of negative a. 

In Fig. la, we plot the Higgs potential at zero temperature as a function of ^ for a = 1, 
A = 912 GeV, niH = 115 GeV. There are four curves in the figure: The solid curve represents 
V{(t),0) = Fo(<^,0) + Fi(0,O), and the dashed curve V{(j),0) = Vo{c^,0) + Vi{(l),0) + Oq. In the 
remaining two curves, we neglect Higgs and Goldstone boson loops in the one-loop contribution. 
Denoting the one-loop contribution without Higgs and Goldstone boson loops as ^i-((/,,g)('?^) 0)) 
we plot F((/>, 0) = V^{(t>, 0)+yi_(<^,G)('/', 0) (dotted curve) and V{(t>, 0) = Vo{(t>, 0)+yi_(<^,G) (</>, 0) + 
Oe (dot-dashed curve). 

One can see that the solid curve is nearly identical to the dotted one and the dashed curve 
is almost identical to the dot-dashed one. This implies that the contributions of Higgs and 
Goldstone bosons in the one-loop effective potential is negligible, for a = 1, A = 912 GeV, tuh 
= 115 GeV. On the other hand, the effect of the presence or the absence of the dimension- 
six term, Og, is significant, as the two groups of curves show distinctively different patterns. 
However, all of the the four curves show a minimum aX (p = v = vq = 246 GeV, for finite 0. 
The VEV u of ^ is defined as the minimum of the potential. As (j) increases indefinitely, the 
potential without 0% will eventually decrease to the negative infinity. Therefore, the minimum 
at 246 GeV is the global minimum for the potential with Og, whereas it is a local minimum for 
the potential without Oq. This is already observed in a number of papers, for example, from 
Ref . [25] . At the higher-order level the Higgs potential may escape from decreasing indefinitely. 

Without the one-loop contribution V\{(t),^)^ it has been observed that (f) = vq may not be 
the zero-temperature minimum of the potential [23] . In our case, the presence of the Oq term 
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ensures that the minimum of the potential occurs always (f> = vq at zero temperature. Thus, 
the minimum at 246 GeV is the global one in our case. 

In Fig. lb, we plot the Higgs potential at zero temperature as a function of (p. In this figure, 
we set a = —1. The other parameters are the same as Fig. la: A = 912 GeV, mn = 115 GeV. 
There are two curves: The solid curve represents ^(0,0) = Vo((/>, 0) + Vi((/>, 0) + Og, and the 
dashed curve docs V{(/), 0) = Vo{(j), 0) + i'Pi 0) + Oe- Here, in Fig. lb, the contribution of 

Higgs and Goldstone bosons is clearly significant. Moreover, the minimum at ^ = 246 GeV for 
the solid curve is not a global one. Thus, Fig. lb indicates that the one-loop effective potential 
with Oq for negative a exhibits the same difficulty as the potential without Oq for positive a. 
Hereafter, wc do not consider the case of negative a in the dimension-six Higgs operator. A 
detailed analysis for negative a can be found in Ref. [20]. 

Now, we study the case of finite temperature. The one-loop contribution at finite temperature 
is given by [26] 



„ .7^4 /-cjo 



1 ± exp -a/x2 + TO?(^)/r2 



(6) 



where the negative sign is for bosons and the positive sign for fermions. Here, we have i = W, Z, 
t, (f), and G, respectively for W boson, Z boson, top quark, the Higgs boson, and the Goldstone 

boson, and nw = 6, nz = 3, rif = —12, ricj) = 1, and no = 3. The full one-loop effective potential 
at finite temperature that wc are considering can now be expressed as 

V{^,T) = Vo{cP,0) + Oe + Vi{^,0) + Vii4>,T) . (7) 

The above one-loop contribution at finite temperature may be approximated for high tem- 
perature as [6,9,10] 



+ E 
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where logaj = 1.14 and loga^ = 3.91. It is known that in the SM the high temperature 
approximation is consistent with the exact calculation of the integrals within 5 % for m^/T < 1.6 
in the fermion case and for m^/T < 2.2 in the boson case. We would not only use the high 
temperature approximation but also perform the exact integrations in Vi{(j),T) numerically. 

The two curves in Figs. 2a and 2b show the results of the high temperature approximation 
as well as the exact integrations. In Fig. 2a, we plot V{(p, T) in the high temperature approxi- 
mation, as a function of ^ for a = 1, A = 912 GeV, niH = 115 GeV. The critical temperature is 
obtained as Tc = 117.04 GeV. One can see that there are two minima in the potential at = 
GeV and (j) = 129 GeV. These two minima consist of degenerate vacua, and allow the first-order 
phase transition. The symmetric phase state corresponds to the vacuum at ^ = GeV while 
the broken phase state ^ = 129 GeV. We denote the critical value of the VEV at the broken 
phase state as Vc, that is, Vc = 129 GeV in this case. The ratio of Vc and Tc is a criterion for 
the strength of the first order electroweak phase transition. Generally, it is regarded as a strong 
phase transition if Vc/Tc > 1 at electroweak scale. In Fig. 2a, Vc/Tc is 1.102, thus satisfying the 
criterion for the strongly first-order electroweak phase transition. 

In Fig. 2b, we repeat the job using the result of exact integrations, and plot V{(j)^ t) as a 
function of (?!) for a = 1, A = 912 GeV, mH = 115 GeV. The critical temperature in this case is 
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obtained as Tc = 117.14 GeV, which is sUghtly larger than the result in the high temperature 
approximation. The critical VEV in this case is, as one can see from Fig. 2b, Vc = 134 GeV. 
Thus, we have Vc/Tc = 1.134 in Fig. 2b. Both the high temperature approximation and the 
exact integration suggest that for mn = 115 GeV there can be a strongly first order phase 
transition at the electrowcak scale, if the Higgs potential includes a dimension-six operator. 

In this way, we search the parameter space to examine if a strongly first order phase transition 
at the electroweak scale may take place for other set of parameter values. The ratio of Vc/Tc 
decreases, or the strength of the phase transition becomes weak, as A increases, for fixed Higgs 
boson mass. Thus, we carry out exact integrations for Vi{4>,T), varying A from the cutoff value 
upward, for given Higgs boson mass, and examine whether the ratio of v^/Tc stays above 1 or 
not. We then increase the Higgs boson mass step by step and vary A from the cutoff value 
upward and check the value of Vc/Tc. The largest value of Vc/Tc is actually obtained by taking 
the smallest, or the cutoff, value of A, for given Higgs boson mass, since Tc increases and Vc 
decreases as A increases. The result of our search is summarized in Table I, where the result is 
listed in the increasing order of the Higgs boson mass. The first set of entries corresponds to 
the result of Fig. 2b. Note that the cutoff value decreases as the Higgs boson mass increases, 
A > VSv^/niH- 

Table I: Strongly first order electroweak phase transition for various Higgs boson masses for 
a = 1. 



set 


rriH 


A 


Tc 


Vc 


Vc/Tc 


1 


115 


912 


117.14 


134 


1.143 


2 


115 


950 


119.00 


127 


1.067 


3 


120 


874 


120.90 


133 


1.100 


4 


125 


839 


124.69 


132 


1.058 


5 


130 


807 


128.52 


131 


1.019 


6 


131 


801 


129.29 


131 


1.013 


7 


132 


795 


130.07 


130 


0.999 


8 


135 


777 


132.35 


130 


0.982 


9 


140 


7-19 


136.19 


130 


0.954 



Notice that the Higgs boson mass in the first and the second set of entries in Table 1 is the 
same. Actually, we fix the Higgs boson mass at mn = 115 GeV and increase A until the ratio of 
Vc/Tc decreases down to about 1. As we increase A still further, the ratio is found to decrease 
below 1. We find that A may be as large as 950 GeV for mn = 115 GeV in order to ensure the 
strongly first-order electroweak phase transition. 

One can see in Table I that, if the Higgs boson mass is smaller than 132 GeV, the ratio of 
Vc/Tc can be larger than or comparable to 1 for a certain value of A above the cutoff value. 
Therefore, Table I tells us that the strongly first-order electroweak phase transition might take 
place if niH < 132 GeV. A Higgs boson with its mass between 115 GeV and 132 GeV is within 
the reach of future experiments. It can be discovered possibly in the Tevatron experiments or 
in the LHC experiments in the near future. 



5 



III. Conclusions 



The possibility of the strongly first-order electroweak phase transition in the SM is studied by 
introducing a dimension-six Higgs operator to the finite temperature Higgs potential at one- 
loop level. The one-loop contributions due to gauge bosons, top quark, Higgs and Goldstone 
bosons are taken into account. Finite temperature effects arc also included by the one-loop 
finite-temperature correction. Instead of employing the high temperature approximation, we 
carry out the exact integrations. The difference between the two method of calculations is 
not serious, but noticeable. For given Higgs boson mass, we calculate the critical temperature 
(Tc) with two degenerate global vacua and the critical value of the Higgs field VEV (vc) for 
the Higgs boson mass. Then, we examine whether Vc/Tc is larger than 1 or not. In this way, 
we study if the condition for a strongly first-order electroweak phase transition is satisfied or 
not. We find that there are parameter space where v^/Tc is larger than or comparable to 1 for 
115 < niH < 132 GeV. Thus, our study suggests that the SM Higgs potential at the one-loop 
level with a dimension-six operator allows a strongly first-order electroweak phase transition, 
for the Higgs boson mass between 115 GeV and 132 GeV. A Higgs boson with this mass range 
might easily be searched in the future high energy experiments. 

Acknowledgments 

This work was supported by Korea Research Foundation Grant (2001-050-D00005). 

Reference 

[1] V.A. Kuzmin, V.A. Rubakov, and M.E. Shaposhnikov, Phys. Lett. B 155, 36 (1985). 

[2] M.E. Shaposhnikov, JETP Lett. 44, 465 (1986); M.E. Shaposhnikov, Nucl. Phys. B 287, 
757 (1987); M.E. Shaposhnikov, Nucl. Phys. B 299, 797 (1988); L.D. McLcrran, Phys. Rev. 
Lett. 62, 1075 (1989); N. Turok and J. Zadrozny, Phys. Rev. Lett. 65, 2331 (1990); N. Turok 
and J. Zadrozny, Nucl. Phys. B 358, 471 (1991); L.D. McLerran, M.E. Shaposhnikov, N. 
Turok, and M.B. Voloshin, Phys. Lett. B 256, 451 (1991); M. Dine, P. Huet, R.J. Singleton, 
and L. Susskind, Phys. Lett. B 257, 351 (1991). 

[3] A.G. Cohen, D.B. Kaplan, and A.E. Nelson, Annu. Rev. Nucl. Part. Sci. 43, 27 (1993); M. 
Trodden, Rev. Mod. Phys. 71, 1463 (1999); A. Riotto and M. Trodden, Annu. Rev. Nucl. 
Part. Sci. 49, 35 (1999). 

[4] A.D. Sakharov, JETP Lett. 5, 24 (1967). 

[5] A.I. Bochkarcv, S.V. Kuzmin, and M.E. Shaposhnikov, Phys. Lett. B 244, 275 (1990); A.I. 
Bochkarev, S.V. Kuzmin, and M.E. Shaposhnikov, Mod. Phys. Lett. A 2, 417 (1987). 

[6] M. Dine, R.G. Leigh, P. Huet, A. Linde, and D. Linde, Phys. Rev. D 46, 550 (1992). 

[7] P. Arnold and O. Espinosa, Phys. Rev. D 47, 3546 (1993); Z. Fodor and A. Hebecker, Nucl. 
Phys. B 432, 127 (1994). 

[8] K. Kajantie, M. Laine, K. Rummukainen, and M. Shaposhnikov, Phys. Rev. Lett. 77, 2887 
(1996); F. Csikor and Z. Fodor, and J. Heitger, Phys. Rev. Lett. 82, 21 (1999). 



6 



[9] G.W. Anderson and L.J. Hall, Phys. Rev. D 45, 2685 (1992). 
[10] G.F. Giudice, Phys. Rev. D 45, 3177 (1992). 

[11] J. Choi and R.R. Volkas, Phys. Lett. B 317, 385 (1993); J. Choi, Phys. Lett. B 345, 253 

(1995). 

[12] K. Enqvist, K. Kainulainen, and I. Vilja, Nucl. Phys. B 403, 749 (1993); I. Vilja, Phys. 
Lett. B 324, 197 (1994). 

[13] A.I. Bochkarev, S.V. Kuzmin and M.E. Shaposhnikov, Phys. Rev. D 43, 369 (1991); N. 
Turok and J. Zadrozny, Nucl. Phys. B 358, 471 (1991); N. Turok and J. Zadrozny, Nucl. 
Phys. B 369, 729 (1992); L.D. McLcrran, M.E. Shaposhnikov, N. Turok and M. Voloshin, 
Phys. Lett. B 256, 451 (1991); A.T. Davies, CD. Froggatt, G. Jenkins, and, R.G. Moor- 
housc, Phys. Lett. B 336, 464 (1994); J.M. Cline and P. A. Lemieux, Phys. Rev. D 55, 3873 

(1997) . 

[14] M. Carena, M. Quiros and C.E.M. Wagner, Phys. Lett. B 380, 81 (1996); M. Carena, M. 
Quiros and C.E.M. Wagner, Nucl. Phys. B 524, 3 (1998); B. de Carlos and J.R. Espinosa, 
Nucl. Phys. B 503, 24 (1997); M. Laine and K. Rummukainen, Phys. Rev. Lett. 80, 5259 

(1998) ; M. Laine and K. Rummukainen, Nucl. Phys. B 535, 423 (1998); J.M. Clinc and 
G.D. Moore, Phys. Rev. Lett. 81, 3315 (1998); K. Funakubo, A. Kakuto, S. Otsuki, and F. 
Toyoda, Prog. Theor. Phys. 99, 1045 (1998); K. Funakubo, Prog. Theor. Phys. 101, 415 

(1999) ; M. Losada Nucl. Phys. B 537, 3 (1999). 

[15] M. Pietroni, Nucl. Phys. B 402, 27 (1993); A.T. Davies, CD. Froggatt, R.G. Moorhouse, 
Phys. Lett. B 372, 88 (1996); S.J. Hubcr and M.G. Schmidt, Eur. Phys. J. C 10, 473 
(1999); M. Bastero-Gil, C. Hugonie, S.F. King, D.P. Roy, S. Vempati, Phys. Lett. B 489, 

359 (2000). 

[16] A. Mcnon, D.E. Morrissey, and C.E.M. Wagner, Phys. Rev. D 70, 035005 (2004); S.W. 
Ham, S.K. Oh, CM. Kim, E.J. Yoo, and D. Son, Phys. Rev. D 70, 075001 (2004). 

[17] J. Kang, P. Langacker, T. Li, and T. Liu, hep-ph/0402086. 

[18] W. Buchmiiller and D. Wyler, Nucl. Phys. B 268, 621 (1986); C.N. Leung, S.T. Love, and 
S. Rao, Z. Phys. C 31, 433 (1986); 

[19] K. Hagiwara, S. Ishihara, R. Szalapski, and D. Zeppenfeld, Phys. Lett. B 283, 353 (1992); 
K. Hagiwara, S. Ishihara, R. Szalapski, and D. Zeppenfeld, Phys. Rev. D 48, 2182 (1993); 
J. Wudka, Int. J. Mod. Phys. A 9, 2301 (1994); G.J. Gounaris, D.T. Papadamou, and P.M. 
Renard, Z. Phys. C 76, 333 (1997); T. Han, T. Huang, Z.H. Lin, J.X. Wang, and X. Zhang, 
Phys. Rev. D 61, 015006 (2000); Z.H. Lin, T. Han, T. Huang, J.X. Wang, and X. Zhang, 
Phys. Rev. D 65, 014008 (2002); V. Barger, T. Han, P. Langacker, B. McEhath, and P. 
Zerwas, Phys. Rev. D 67, 115001 (2003). 

[20] A. Datta, B.L. Young, X. Zhang, Phys. Lett. B 385, 225 (1996). 

[21] B. Grzadkowski and J. Wudka, Phys. Rev. Lett. 88, 041802 (2002). 

[22] X. Zhang, Phys. Rev. D 47, 3065 (1993). 



7 



[23] C. Grojean, G. Servant, and J.D. Wells, hep-pli/0407019. 

[24] S. Coleman and E. Weinberg, Phys. Rev. D 7, 1888 (1973). 

[25] M. Sher, Phys. Rep. 179, 273 (1989). 

[26] L. Dolan and R. Jackiw, Phys. Rev. D 9, 3320 (1974). 

Figure Captions 

Fig. 1(a) : The effective potentials y(^, 0) = Vb(0,O)+Vi(^,O) (solid curve) , ¥{(/), 0) = Vo{(l),0)+ 
Vi{()), 0) + Oq (dashed curve), ¥{(/), 0) = Vb(</', 0) + 1V(</', 0) + Vz((/), 0) + Ft(0, 0) (dotted curve), 
and V{(j),0) = Vo{(j),0) + Viy(0, 0) + Vz(^,0) + Vt((/),0) + Oq (dot-dashed curve), as a function 
of ^, for iriH = 115 GeV and a = 1, A = 912 GeV on Oq. The solid curve overlap nearly 
the dotted one while the dashed curve overlap exactly dot-dashed one. The minimums of the 
potential occur at (f) = v = vo = 246 GeV for four curves. 

Fig. 1(b) : The effective potential with Og for a = —1, as a function of (j). Two curves display 
for V{<P, 0) = Vo{(j), 0) + Vi{(P, 0) + 06 (solid curve) and F(0, 0) = Vo{^, 0) + Vw{^, 0) + Fz((/>, 0) + 
Vt(4>, 0) + Oq (dashed curve). 

Fig. 2(a) : V{4>,T) for a high temperature approximation by using Eq. (8), as a function of (f) 
at the critical temperature, Tc = 117.04 GeV. There are two degenerate vacua when ^ = GeV 
and (f) = 129 GeV. 

Fig. 2(b) : V{(p,T) for an exact integration calculation on the temperature-dependent effective 
potential by using Eq. (6) , for the parameter setting of Fig. 2a. 
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Fig. la: The effective potentials V{<j),0) = Vo{<j),0) + Vi{<j),0) (solid curve), F((/',0) = Vo{(j),0) + 
Vi((t>, 0) + Oe (dashed curve), V{4>, 0) = Vo{(t>, 0) + Vw{(t>, 0) + Vz{ct>, 0) + Vt{(t>, 0) (dotted curve), 
and V{(j),0) = Fo(0, 0) + TV(0, 0) + Vz((/),0) + 14((/),0) + Oq (dot-dashed curve), as a function 
of for mij = 115 GeV and a = 1, A = 912 GeV on Oq. The solid curve overlap nearly 
the dotted one while the dashed curve overlap exactly dot-dashed one. The minimums of the 
potential occur at cj) = v = vq = 246 GeV for four curves. 
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Fig. lb: The effective potential with Oe for a = —1, as a funetion of (j). Two curves display for 
V{(l),0) = Vo{(l),0) +Vi{(l),0) +Oe (solid curve) and F(0,O) = Vo{^,0) + Vwi<f>,0) + Vz{^,0) + 
Vt(^, 0) + Oq (dashed curve). 
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Fig. 2a: V{(f),T) for a high temperature approximation by using Eq. (8), as a function of cf) at 
the critical temperature, Tc = 117.04 GeV. There are two degenerate vacua when = GeV 
and (j) = 129 GeV. 
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Fig. 2b: V{4', T) for an exact integration calculation on the temperature-dependent effective 
potential by using Eq. (6) , for the parameter setting of Fig. 2a. 



12 



